Cells in desiccated Salmonella enterica serovar Typhimurium rdar (red, dry, and rough) morphotype colonies were examined for culturability and infectivity after 30 months. Culturability decreased only 10-fold; however, cells were underrepresented on Salmonella selective media containing bile salts. These cells were mildly attenuated compared to the infectivity of freshly grown cells but still able to cause systemic infections in mice.
Salmonella enterica serovar Typhimurium (hereafter referred to as S. Typhimurium) is a gram-negative enteric pathogen of humans and other mammalian species. S. Typhimurium causes self-limiting gastroenteritis in humans and typhoid-like fever in mice (4) . When propagated on the surface of nutrientlimited laboratory media, Salmonella cells form patterned colonies (1) involving the production of an extracellular matrix comprised of thin aggregative fimbriae (Tafi or curli) and cellulose (16, 21) and other polysaccharides. This rdar morphotype is characterized by the formation of red, dry, and rough colonies on solid agar medium containing Congo red as an indicator dye (8) . Cells within rdar colonies are resistant to desiccation and commonly used disinfectants (14, 18) , and the propensity to form the rdar morphotype is conserved throughout the salmonellae (7, 19) . These findings, coupled with the observations that neither Tafi nor cellulose is required for virulence (13, 17) , suggest that the rdar phenotype may contribute to the environmental survival of Salmonella (17) .
Previous experiments by our group established that approximately 10% (ϳ10 8 ) of bacteria within a rdar morphotype colony were able to survive a 9-month period of starvation and desiccation (18) . In this study, we examined survival after a longer time period of 30 months. S. Typhimurium ATCC 14028 cells were grown at 28°C for 4 days on tryptone agar, at which time colonies were detached from the agar surface and stored at room temperature in sterile, 24-well plates, as previously described (18) . The results were compared to those for planktonic S. Typhimurium cells grown overnight in 1% tryptone and washed with distilled water prior to storage on plastic. Surprisingly, the number of viable cells recovered from rdar colonies after 30 months was similar to that obtained at the 9-month time point (Fig. 1) . In contrast, planktonic S. Typhimurium cells exhibited a decrease in viability of 4 orders of magnitude within 14 days. However, if planktonic cells were stored in water or isotonic saline, the viability decreased by only 2 orders of magnitude after 84 days (Fig. 1 ). This finding indicated that desiccation rather than starvation was the primary cause of bacterial death under these conditions. The survival after 30 months of isogenic ⌬csgD mutant cells, which are deficient in extracellular matrix production (8, 18) , was reduced 25-fold compared to that of wild-type cells (data not shown), confirming that cellulose and Tafi polymers have an important role in long-term survival. Together, these results indicated that extreme longevity of cells within rdar colonies is a morphotype-specific phenomenon rather than a general property of S. Typhimurium ATCC 14028.
Under most laboratory conditions, S. Typhimurium is resistant to bile concentrations exceeding 60% (wt/vol) (3, 5, 6, 15) ; therefore, many selective media used in microbiological laboratories for culturing Salmonella contain bile salts. During storage on plastic with no nutrients or water, cells within rdar colonies became sensitive to sodium cholate and sodium deoxycholate (bile salts) over time ( Table 1) . As expected, freshly grown cells (exponential or stationary phase) did not display bile sensitivity (data not shown). The culturability of cells in 30-month-old colonies on media containing bile salts was significantly reduced compared to that of cells from 2-day-old or 2-week-old rdar colonies or colonies that were lyophilized for 1 week (Table 1 ). In contrast, culturability was not reduced to the same extent when aged cells were cultured on media that did not contain bile salts (brilliant green agar or XLD and LSA without bile salts [see Table 1 for media]). Within diagnostic laboratories, bacterial isolates in environmental samples are commonly incubated in recovery broth prior to enumeration on selective medium (2) . When cells derived from 30-monthold rdar colonies were incubated overnight in buffered peptone water, they recovered their resistance to bile salts (data not shown).
Live/Dead staining (BacLight bacterial viability kit; Molecular Probes) and visualization with fluorescent microscopy were used to explore whether a discrepancy existed between the number of cells scored as viable by staining versus recovery on nonselective growth medium. Examination of cells derived from 30-month-old rdar colonies revealed that 60% were "alive," in contrast to the recovery of only 10% of the CFU initially present within the rdar colony (Fig. 1) . The discrepancy between results for cells recovered on nonselective media and with live/dead staining may represent "viable but nonculturable cells" (9-11) or "active but nonculturable cells" (12) , but these do not account for the observed bile salt sensitivity of the rdar cells. In addition, because lyophilization did not replicate the properties of 30-month-old colonies, desiccation was not the sole factor responsible for bile sensitivity.
The antimicrobial activity of bile presents a significant component of host resistance to infection by enteric pathogens. S. Typhimurium in the environment may experience prolonged periods of starvation and desiccation between encounters with the host (20) , and rdar colony formation may serve as an effective strategy to withstand numerous environmental stresses (1). We tested if S. Typhimurium cells derived from 30-month-old rdar colonies were infectious despite their increased sensitivity to bile salts. Eight-week-old C57BL/6 female mice were infected orally with a dose of 10 5 CFU derived from 30-month-old rdar colonies, and the results were compared to those for mice infected with 10 4 or 10 6 CFU derived from either 2-day-old rdar colonies or stationary-phase planktonic cultures. Four days postinfection, the bacterial loads in the small intestine, cecum, liver, and spleen were determined (Fig. 2) . Of the mice infected with cells derived from 30-month-old rdar colonies, 3/10 mice developed systemic infections (S. Typhimurium was detected in either the liver or spleen), compared to 8/10 mice infected with cells derived from 2-day-old rdar colonies and 6/10 mice infected with planktonic cells. The bacterial loads in the different organs were not significantly different among the infected mice (Mann-Whitney test; data not shown). When the bacterial loads were averaged for each group, only the levels in the spleen were significantly reduced for the 30-month-old rdar colony group (Fig. 2) . We interpret these data to indicate that bacteria from 30-month-old rdar colonies are mildly attenuated. The infectivity of 30-month-old rdar cells is in contrast to the observation that Salmonella cells in an "active but nonculturable state" are noninfectious (12) .
Our findings demonstrate that cells within rdar colonies display long-term viability for up to 30 months (and beyond) and that their numbers may be underrepresented on laboratory media commonly employed for culturing Salmonella. Cells derived from 30-month-old colonies were mildly attenuated The media used were MacConkey agar (Difco), Hektoen enteric agar, SS (Salmonella-Shigella) agar (Difco), XLD (xylose lysine deoxycholate) agar, LSA (lysine selective agar), BGA (brilliant green agar), XL no bile (medium prepared as XLD, but bile salts were not included in the recipe), and LSA no bile (medium prepared as LSA, but bile salts were not included in the recipe). All media used throughout this study were used within 1 week of preparation.
b S. Typhimurium colonies were propagated on 1% tryptone agar (pH 7.4) for 96 h as previously described (16) . Colonies were detached from the agar surface and placed on plastic in a sterile 24-well plate. Cells were rehydrated for 1 h in saline prior to serial dilution and plating on solid medium. Values represent the "relative recovery," which is the difference of the log 10 of CFU detected on each of the various selective media and that on Luria-Bertani (LB) agar. A positive value denotes that more CFU were detected on selective medium than on LB, and a negative value denotes that fewer colonies were detected on selective medium than on LB. Numbers in parentheses represent the standard deviations of the results from four biological-replicate samples. Log 10 CFU values for rdar/lyophilized, 2-week-old, or 30-month-old rdar colonies were compared to those for 2-day-old rdar colonies, and statistical differences were calculated using unpaired Student's t tests: ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; and ‫,ءءء‬ P Ͻ 0.001. Starting CFU values were 1.1 ϫ 10 9 for the 2-day-old rdar group, 9.0 ϫ 10 6 for the rdar/lyophilized group, 9.1 ϫ 10 7 for the 2-week-old group, and 5.2 ϫ 10 7 for the 30-month-old rdar group. c Bacteria were grown as described in footnote b and stored on plastic for 2 days. d Bacteria were grown as described in footnote b but were lyophilized for 1 week rather than being placed on plastic. e Bacteria were grown as described in footnote b and stored on plastic for 2 weeks. f Bacteria were grown as described in footnote b and stored on plastic for 30 months.
when tested for virulence in the murine typhoid model. However, most importantly, the aged cells retained an ability to cause systemic infections.
